Symbiotic micro-organisms are important in alleviating the limitations of nitrogen and phosphorus deficiency on plant growth in Australian soils. Maximization of the contribution of these micro-organisms can give important benefits for plant production.
Introduction
Utilization of micro-organisms to metabolically mediate desired chemical reactions or physical processes is a useful general definition of bioremediation (Skladany and Metting 1993) . The use of selected symbiotic soil micro-organisms to enhance plant growth, widely practised for some organisms and widely researched for others, fits at one end of the spectrum encompassed by this definition. These organisms include mycorrhizal fungi, Rhizobium and Frankia, each of which can enhance plant growth by increasing the supply of growth-limiting nutrients. In this review the important characteristics of these symbiotic micro-organisms and their current use as soil inoculants, with particular reference to Australian applications, will be briefly outlined. The need for management of these micro-organisms and strategies that may be appropriate will then be considered.
Increased activity of the target organism may be achieved in some situations by adjusting soil management strategies, to ensure an adequate population of indigenous strains. Deliberate introduction of selected isolates may be the only option in other cases. Three Australian case studies involving soil inoculation with rhizobia, ectomycorrhizal and VA mycorrhizal fungi will be considered. These examples illustrate some general criteria for successful use of symbiotic micro-organisms in bioremediation.
Symbiotic Soil Micro-organisms

Understanding the Biology and Ecology of the Micro-organisms
The use of symbiotic soil micro-organisms to enhance plant growth adds a challenging dimension to plant production systems, particularly where plant production is subject to natural climatic stresses such as in extensive agriculture, plantation forestry and revegetation. In most cases, a beneficial effect of the micro-organism depends on its ability not only to enhance nutrient supply to the plant but also to persist in soil, and to re-establish colonization of the host in subsequent seasons . Therefore, the micro-organisms must be able to complete their life-cycle during the growing season and may need to survive outside the symbiosis in seasonal environments. This multi-faceted basis to benefit from an organism must be linked to the growth patterns and nutrient demands of the host plant. It is apparent, therefore, that an understanding of the biology and ecology of these micro-organisms is essential to develop appropriate management strategies and to select organisms which will provide a benefit to the host plant in a field environment.
This complex framework for management of symbiotic soil micro-organisms contrasts strongly with conventional bioremediation where a selected micro-organism may be required to degrade a particular contaminant in a soil environment which can be amended for optimum activity, without reference to the requirements of a host plant.
The four main groups of symbiotic micro-organisms for which soil inoculation is currently practised or for which inoculation technology is being developed are rhizobia, Frankia, VA mycorrhizal fungi and ectomycorrhizal fungi. The nature of each of these groups and their potential utilization to enhance plant production are detailed below.
Rhizobia
Rhizobia (includes Rhizobium and Bradyrhizobium) are gram-negative rod bacteria which colonize roots of leguminous plants, inducing the formation of root nodules in which the bacteria fix atmospheric nitrogen (N2). Nitrogen is transformed into simple amino compounds and then translocated throughout the plant. Most Australian native legumes can form symbiotic associations with a broad range of rhizobia, from both Rhizobium and Bradyrhizobium genera. This is also the case with tropical agricultural legumes but, by contrast, temperate agricultural legumes tend to associate with relatively specific strains.
Inoculation with rhizobia is used widely throughout the world in legume production. This widespread use is possible because rhizobia are relatively easy t o produce and formulate into inoculum on a large scale, and they colonize roots successfully from seed coatings. Commercial production of inoculum involves growing the rhizobia in submerged culture and then adding them to a peat carrier which can be coated directly onto seeds (Walter and Paau 1993) . Typically, rhizobia may be introduced when new legume species are grown, where the particular host had not been grown for a long period, where a more effective strain of rhizobia was to be introduced or where the rhizobia did not persist beyond the first growing season due to hostile soil conditions, such as low pH (Robson and Loneragan 1969) . In this context, the development of acid-tolerant rhizobia for medic pasture production in Australia (Howieson et al. 1991 ) is a good example of bioremediation of agricultural soil for greater productivity.
Rhizobia appear to be tolerant of severe disturbance events such as host removal and soil stockpiling (Bergerson 1970; Langkamp et al. 1979; Barnet et al. 1985) .
Indeed, nodulation has always occurred when various native legumes have been grown in disturbed topsoils from a wide range of mine soils (D. Jasper, unpublished data), although the degree of nodulation may be reduced and their effectiveness in Nz-fixation was not determined. By contrast, current research in our laboratory indicates that numbers of clover rhizobia were substantially reduced at 1 . 5 m depth in a 2.5-year-old stockpile of pasture topsoil (S. Kerr, unpubl. data). If mine waste materials which have never supported plant growth are to be revegetated, or if numbers in topsoil are low, then inoculation may be justified with effective strains adapted to the local climate and soils (Jasper et aE. 1988) .
Frankia
Soil actinomycetes of the genus Frankia form symbiotic associations with a range of woody plants from eight families (Schwintzer and Tjepkema 1991) . Frankia fix nitrogen within nodules formed on roots of the host plant. These nodulated plants can accumulate nitrogen in deficient soils and thus plant biomass can be substantially enhanced. There is considerable interest in managing this symbiotic association for the production of timber and fuel wood and in the restoration of degraded land, particularly with Casuarina species in the tropics (Schwintzer and Tjepkema 1991) . Frankia can survive in soil for many years after host removal (Wollum et al. 1968; Smolander and Sundman 1987) and are tolerant of the additional stress of soil cultivation (Rodriguez-Barrueco 1968) , suggesting inoculation with this organism may often be unnecessary. However, substantial increases in growth and wood production of Casuarina seedlings have been observed in field experiments after nursery-inoculation with selected Frankia (Reddell et al. 1988; Sougoufara et al. 1989) . At a field site at Gympie (Qld), inoculation with an effective Frankia strain increased wood production by Casuarina cunninghamiana by almost 35% if phosphorus was not limiting (Table 1) . This compared with a 95% increase in wood production with split dressings of nitrogen to a total of 160 kg N/ha. The responses to inoculation occurred both in soils which had previously supported actinorhizal plants and presumably contained infective Frankia (Reddell et al. 1988) , and in which Frankia were known to be absent (Sougoufara et al. 1989) .
Inoculation with Frankia was previously only possible from crushed nodules, but more recently has become possible using pure culture (Callaham et al. 1978; Diem et al. 1982) . Successfui nursery-inoculation of Casuarina spp. has been achieved using the cultured Frankia directly (Reddell et al. 1988) or after it has been entrapped in alginate and stored dry for as long as two years (Sougoufara et al. 1989) .
Ectomycorrhizal Fungi
Soil fungi from the families of Ascomycetes, Basidiomycetes and Zygomycetes form ectomycorrhizal symbiosis with many plant species, mostly trees and woody shrubs (Molina et al. 1992) . In these symbioses, the fungi form a mantle of hyphae around the plant root and a network of hyphae between root cells. Fungal hyphae grow from the root through the soil and take up nutrients. Mycorrhizal symbioses are particularly important for uptake of nutrients such as phosphorus, zinc and copper, which are relatively immobile in soil (Harley and Smith 1983) .
Ectomycorrhizal fungi occur widely and most host plants can form the symbiosis with a range of fungi. However, there may be little overlap in the suite of fungal symbionts that are compatible with particular host plant families (Molina et al. 1992 ). An example is the inability of exotic Pinus spp. to form effective associations with many of the ectomycorrhizal fungi in Australian forest soils (Malajczuk et al. 1982) . This lack of compatibility led to one of Australia's earliest examples of bioremediation of soil to enhance plant growth (Kessel 1927) . Failures of early plantings of Pinus spp. were remedied by introducing compatible ectomycorrhizal fungi, in soil and litter from their natural habitats. Introduction of these fungi is now routine in some pine nurseries while others rely on wind-blown spores from adjacent pine forest (Tommerup et al. 1987) . Current research is focused increasingly toward inoculation with effective mycorrhizal fungi in Eucalyptus nurseries, to enhance phosphorus uptake and plant growth in the field (see Grove and Malajczuk 1993) .
The potential to manage ectomycorrhizal fungi in forestry production is enhanced by several factors, including the wide diversity of fungi in natural environments, the capacity of many of the fungi to be mass produced in pure culture or the ready availability of fruiting bodies as inoculum for some fungi and, finally, a nursery phase in the production system means that it is possible to apply inoculum precisely, under optimum conditions for mycorrhiza formation (Grove and Malajczuk 1993) . A further important factor is that the nutrient requirements from soil for tree growth are proportionally greatest early in the life of the plantation, when the capacity for recycling within the tree is small. Ectomycorrhizal fungi can be introduced into production nurseries using spores Castellano 1987) , soil and litter (Tommerup et al. 1987) , or vegetative mycelia Hardy et al. 1992) . Inoculation with soil and litter material, while technically simple, has potential to introduce pathogens and offers little control over the fungal species and inoculum quality (Tommerup et al. 1987) . Disadvantages of spore inoculum are the restricted number of species that produce sporocarps, genetic variability among spores and the poor infectivity of spores of some species (Tommerup et al. 1987) . Therefore vegetative mycelium is a preferred inoculum for routine use in production nurseries. High quality inoculum of vegetative mycelia can be produced in peat/vermiculite mixtures (Marx et al. 1982) , which has been widely used in bare-root and container nurseries in the U.S.A. . More recently, liquid culture of selected fungi and encapsulation of the mycelia in alginate beads has also been developed (Le Tacon et al. 1985; Kuek et al. 1992) .
Management of ectomycorrhizal fungi in nurseries and in plantations must be considered in the context of the ecology of these fungi. Typically there is a succession of species with increasing age of a forest ecosystem (Mason et al. 1983; Gardner and Malajczuk 1988) . Particular groups of fungi predominate in young plantations or disturbed ecosystems and therefore are likely to be the most appropriate for inoculation of tree seedlings (Malajczuk 1987) . Usually some early-stage fungi will be present in field soils but inoculation can ensure uniform early colonization with an effective isolate and thus enhance early growth (Grove et al. 1991 ). An example of a development program for the use of ectomycorrhizal fungi in production forestry will be discussed in greater detail below.
Ectomycorrhizal fungi have been widely used in the U.S.A. to enhance the establishment of trees in revegetation of mine soils and degraded land . In particular, substantial growth enhancement can be achieved by inoculation with fungi, tolerant of soil acidity, high soil temperatures and toxic metals (Marx et al. 1982) . Recent Australian research has also demonstrated the potential of selected fungi to increase the growth of Eucalyptus spp. in saline soil. In glasshouse experiments, total plant weight of inoculated E. camaldulensis growing in sand with 136 mM NaCl in the soil solution was increased three to four times compared with non-mycorrhizal control plants (N. Malajczuk, unpublished data).
Vesicular-arbuscular (VA) Mycorrhizal Fungi
VA mycorrhizal fungi are soil-borne fungi from the family Zygomycetes, which colonize an extremely wide range of plants. In most ecosystems, at least 75% of plants belong to families which are known to form this association (Brundrett 1991) . Some well known families which do not form an association with VA mycorrhizal fungi include the Brassicaceae, Proteaceae, Restionaceae and Juncaceae (Brundrett 1991) .
Hyphae of VA mycorrhizal fungi grow into plant roots, forming highly branched arbuscules and storage vesicles. As with ectomycorrhizal fungi, the hyphae grow away from the plant root and have the ability t o take up immobile nutrients. Formation of the symbiosis is likely to be important for plants in soils with low levels of available phosphate, especially for plants with coarse roots and few root hairs which are otherwise poorly adapted for uptake of immobile nutrients (Baylis 1975) .
The capacity of most plants in agriculture, horticulture and natural ecosystems to form VA mycorrhizas has led to many investigations of their effect on plant growth (see review by Abbott and Robson 1984) and on the potential for inoculation or soil management to ensure effective fungi are present (see Sylvia 1994; Jasper 1994) . Unlike ectomycorrhizal fungi, it is not possible to culture VA mycorrhizal fungi in the absence of a host plant. Therefore, the option of inoculating soil with selected VA mycorrhizal fungi is relatively difficult and not currently practised on a large scale.
Introduction of VA mycorrhizal fungi is most likely to be beneficial in phosphate-deficient soils with low numbers of effective fungi. This includes soils that have been fallowed (Thompson 1987) : disturbed and stored during mining (Jasper et al. 1987) , fumigated for horticulture, or wastes from mining and mineral processing. Inoculation techniques for VA mycorrhizal fungi (see Hayman 1987; Sylvia 1994 ) are practical only in intensive plant production such as in horticulture or tree seedling nurseries, where precise placement of seed and inoculum is possible.
Inoculum for horticultural and nursery use is commercially available in Europe and Japan (Arias and Cargeed 1992) and development of inoculation strategies is continuing for a range of crops including asparagus (Pedersen et al. 1991) , coffee (Siqueira 1993) , leek (Furlan 1993) and cassava (Sieverding 1987) .
Defining the Need for Management
The need for specialized management of symbiotic soil micro-organisms depends on the major factors limiting plant growth and the capacity of the symbionts to alleviate those limitations. Information on the capacity of the plants to form the appropriate association may also be required, for example in revegetation with Australian native plant species (Jasper 1994) . Finally, the inoculum potential of the indigenous symbionts must be determined, together with their effectiveness in enhancing plant growth.
Limitations to Plant Growth
Mycorrhizal fungi are likely to be important to plant growth if deficiencies of immobile nutrients such as phosphorus, zinc and copper are a major limitation. The need for applications of phosphorus and trace elements to maintain productivity of agricultural species in Australian soils is well established. Growth of native plant species is also limited by phosphorus in most soils (Jasper et al. 1988 (Jasper et al. , 1989a (Jasper et al. , 1989b Grove et al. 1991; Jasper and Davy 1993) , with responses to added phosphorus of 2-to more than 10-fold recorded for Acacia and Eucalyptus spp. in mine soils where bicarbonate-extractable P (Colwell 1963) has ranged from 1 to 9 ppm.
The capacity of mycorrhizal fungi to enhance plant growth by alleviating phosphorus deficiency has been frequently demonstrated in glasshouse experiments for VA mycorrhizal fungi (Abbott and Robson 1984) and ectomycorrhizal fungi (see Grove and Le Tacon 1993) . Field responses of tree seedlings inoculated with ectomycorrhizal fungi have also been widely reported for many plants in a range of environments (Grove and Le Tacon 1993) . Clear demonstrations of the benefit of VA mycorrhizal colonization in field soil are less frequent (Fitter 1985) , restricted mainly to nursery-inoculated crops (see above subsection VA mycorrhizal fungi).
However, long-fallowing of Queensland Vertisols, which reduces the population of VA mycorrhizal fungi and leads to phosphorus and zinc deficiency in subsequent crops, provides an outstanding example of the contribution of VA mycorrhizal fungi to nutrient uptake (Thompson 1987 (Thompson , 1991 . In comparisons of adjacent long-or short-fallowed soil, 10-fold greater VA mycorrhiza formation by sorghum in short-fallow soil typically resulted in increased total uptake of phosphorus and zinc of 6 to 8 times ( Table 2 ). The relative advantage in dry matter production by plants in short fallow soil was even greater. Mycorrhizal fungi may also play an important role in natural ecosystems or revegetation, in maintaining plant species diversity, by boosting the ability of mycorrhizal plants to compete for resources (Jasper 1994 ). The presence of effective rhizobia or Frankia will be important to host plant growth in soils where low levels of available nitrogen are a major limitation. Many Australian soils are severely deficient in both nitrogen and phosphorus, therefore plant response to symbiotic alleviation of one deficiency will depend strongly on supply of the other limiting nutrient. Legumes and actinorhizal plants, which can form both Nz-fixing and mycorrhizal associations, are therefore well suited to nutrient-deficient and degraded soils.
Toxic concentrations of ions may be an important limitation to growth, for example in saline or acidic soils or those with high levels of heavy metals. Isolates of symbiotic soil micro-organisms which are tolerant of those soil conditions will be important in enhancing plant growth by increasing nutrient supply (Gildon and Tinker 1983) . This may occur by enhanced nutrient uptake from soil which is otherwise hostile to root growth (Marx et al. 1982; Pond et al. 1984) or by dilution of toxic ions in the shoot, through increased growth in response to increased nutrient supply (Gildon and Tinker 1983) . Further, ectomycorrhizal fungi have some capacity to accumulate metals in fungal tissue surrounding the root (Wilkins 1988) .
Are Infective and Effective Micro-organisms Present?
The capacity of indigenous isolates in the soil t o colonize rapidly and extensively [i.e, infectivity (Abbott and Robson 1982) ) and the effectiveness of those isolates in benefiting plant growth are key determinants of the need to inoculate or manage soil to boost numbers of effective isolates.
The infectivity of symbiotic organisms in soil is most appropriately measured using plant baiting or bioassays (Deacon et al. 1983; Abbott and Robson 1990) , overcoming the limitations of predicting infectivity directly from propagule numbers in the soil. Patchy distribution of infective propagules may be a limitation to plant growth, especially for revegetation of disturbed soils, and needs to be quantified (Jasper et al. 1992) . A further consideration is that the symbiotic organisms may be effective but present only at low levels in disturbed soil. In this case it is important to define the rate of increase of populations of those organisms to assist in quantifying the need for inoculation (Jasper 1994) . The ability to predict effectiveness of micro-organisms is a key step in ensuring efficient use of resources in the development of an inoculation program. Poor correlations between field results and glasshouse and laboratory screening may occur (Howieson et al. 1988; Grove et al. 1991) . It is important that the organism is exposed to as many of the likely stresses in field soil as possible during screening. At the same time, every effort should be made to understand tbe basis for effectiveness of each organism, to enable general predictions of field performance to be developed. Final evaluation of isolates needs to be carried out in the field. The importance of persistence in subsequent seasons makes this step particularly important (Howieson and Ewing 1986) .
For most organisms, the presence of a highly infective population in field soil will make it difficult to introduce a new isolate (Abbott and Robson 1990) . Further, an important requirement for an organism to benefit plant growth in field soil is persistence and ability to form large numbers of propagules, and this is already demonstrated if indigenous isolates are present in large numbers. However, indigenous fungi are not certain to persist if soil conditions change. For example, where topsoil is used to thinly cover mine overburden, indigenous symbionts may be adapted to the topsoil layer but not to the substantially different deeper material. Similarly, the presence of high numbers of spores of ectomycorrhizal fungi in pasture soils does not guarantee their ability to persist or function effectively with Eucalyptus spp. in that soil environment.
Management Strategies t o Boost Symbiotic Micro-organisms
A boost in the populations of target micro-organisms, or their contribution to plant growth, may be achieved by soil management or by inoculation.
Managing Soil and Crops
Reduced populations of mycorrhizal fungi can result from practices such as fallowing agricultural soils (Thompson 1987) and topsoil stripping and storage during mining (Jasper et al. 1987; Gardner and Malajczuk 1988) . These practices are characterized by prolonged absence of host plants and severe soil disturbance.
The long-term effects of these practices are likely to be most severe for VA mycorrhizal fungi because, unlike ectomycorrhizal fungi, they cannot quickly re-invade disturbed soils. Appropriate management strategies to boost VA mycorrhizal fungi in agriculture (Thompson 1991) and revegetation (Jasper 1994) have been recently reviewed. In both environments the main focus should be to minimize the time that soil spends without host plants and to avoid deleterious conditions such as anaerobiosis from waterlogging or stockpiling. Rhizobia and Frankia both appear to be tolerant of soil disturbance and long absences of host plants (see sections on Rhizobia and Frankia above).
The contribution of nitrogen-fixing micro-organisms can be substantially increased by additions of phosphorus to deficient soils. Direct benefits of increased N2-fixation as a result of phosphorus addition are well established for legumes (1986) and have also been demonstrated for actinorhizal Casuarina (Reddell et al. 1986 ), while indirect benefits for timber production may be achieved through increased inputs of fixed nitrogen by understorey legumes .
Inoculation
Inoculation with selected symbionts may be justified if there are not sufficient infective and effective organisms to ensure adequate plant growth. Successful inoculation requires that sufficient propagules of the selected isolate are placed in the root zone of an actively growing plant, in a soil environment in which survival of the organism is likely to be high.
Inoculation of direct-seeded plants can be achieved by seed coating or placing the inoculum in soil below the seed (Ferguson and Menage 1986; Cordell et al. 1987 ). Seed coating is widely used for inoculation with rhizobia in agricultural production. This technique is successful because of the large numbers of cells that can be introduced per seed, the seed is usually drilled into soil, the cells can move with water flow and an effective symbiosis can be achieved with only localized colonization in the upper root system. By contrast, seed coating with VA mycorrhizal fungi is less successful (Ferguson and Menage 1986) , because rapid, widespread colonization of the root system is required for maximum benefit, yet the inoculum is not mobile in the soil and the colonizable roots tend to grow quickly away from the seed.
Introduction of mycorrhizal fungi is most likely to succeed if plants are inoculated in nurseries. Important contributing factors are that the growth media is usually sterilized, reducing competition from other micro-organisms, and the pH of the media can be controlled. Further, the nutrient status of the host can be optimized for maximum formation of the symbiosis (Douds and Schenck 1990; Grove and Malajczuk 1993) . Adequate levels of all nutrients, except that supplied by the symbiosis, are likely to promote maximum formation of each association.
The introduction of VA mycorrhizal fungi into mine soils is a difficult challenge, in complete contrast with controlled nursery environments. Successful inoculation of these large areas will require inoculum of selected fungi, which can survive for extended periods in dry soil, and which can be drilled into soil immediately below the seed.
The characteristics of revegetation techniques in the Australian mining industry which will be important factors in selecting techniques for inoculation with VA mycorrhizal fungi (from Jasper 1994) are:
1. Sites to be revegetated may not be accessible to machinery. 2. Areas may be large, with up to 400 ha revegetated annually at each mine site. Establishment of vegetation is usually by broadcasting of seed at low rates and with limited transplanting of nursery seedlings. 3. Sites to be revegetated are often in areas of low or uncertain rainfall and great extremes of temperature.
Factors Determining the Likely Adoption of Inoculation
Inoculation technology is most likely to be adopted if there is a well quantified benefit, a ready supply of reliably infective, robust inoculum at reasonable cost, which does not require complex technology or machinery, and if the inoculation step can readily fit into the existing production process. Further, the benefit from inoculating with any of these micro-organisms must always be weighed against that from the alternative strategy of supplying more fertilizer. A benefit:cost ratio of 3 : 1 is regarded as the minimum necessary to justify the inclusion of inoculation technology (Glass 1993) .
A contrasting set of parameters applies for inoculation of symbiotic microorganisms during restoration of native ecosystems after mining. In this case, the aim is to have a one-off establishment of a large and diverse range of perennial plant species. Frequently, revegetation must achieve legislated targets of plant cover and diversity and it must be stable over the long term. Therefore, successful revegetation is a challenging task, yet the associated costs are low in relation to returns from mining. Successful revegetation is important in maintaining government approval for continued mining at that site. the ability to commence new mine sites and the potential to relinquish management responsibility for restored sites. In this structure of high rewards for relatively low costs it becomes possible to consider options such as inoculating with VA mycorrhizal fungi (see section on VA mycorrhizal fungz i n revegetation, below).
Case Studies
Acid-tolerant Rhizobia in Medic Pasture Production
In Australian agricultural soils. the utilization of Medicago spp. in pasture production has been restricted by the poor adaption of both the host plant and the rhizobia to acid soil conditions. In Western Australia for example, the agricultural productivity of 4 million ha of moderately acid soils (pH 4.5-6.5, 1:5 0.01 M CaC12) is limited by the lack of persistent Medicago pasture (Howieson et al. 1988) . This applies particularly to the lowest rainfall zone (250-350 mm) in which clover is rarely successful (Howieson et al. 1991) .
The failure of medic pasture to persist in these acid soils is largely due to poor survival of rhizobia (Robson and Loneragan 1970) and to poor capacity of the host t o nodulate (Howieson and Ewing 1986 ). These problems can be overcome in the first year of sowing by high levels of inoculated rhizobia and lime pelleting of the seed. Howieson and Ewing (1986) demonstrated that rhizobia selected from acid soils in the Mediterranean region were superior in their ability to survive and nodulate medic hosts in the second season of growth, particularly in their ability to spread from the point of inoculation. Selection of these acid-tolerant strains of rhizobia, when complemented with Medicago species also adapted to these acid soils, can result in herbage increases of up to 51% and increased seed yields of 31%, in comparison to previously best-available medic and rhizobia (Fig. 1) . Selection of rhizobia and medic species tolerant of acid soils has allowed productive pastures to be established on 1.5 million ha of these soils since 1984 (J. Howieson, pers. comm.) . 
1991).
This inoculation technology has been widely adopted because there is a clear limitation of plant growth due to poor survival and nodule formation by existing rhizobia in the soil. The deficiency can be alleviated with selected rhizobia that are more infective in these acid soils. Importantly, the production and use of rhizobial inoculant is relatively simple, resulting in low-cost inoculant offering substantial economic returns.
Inoculation of Plantation Eucalypts with Ectomycorrhizal Fungi
In south-west of Western Australia, more than 5000 ha of plantation eucalypts are being established annually. Phosphorus is deficient for maximum growth in most of these soils, therefore management of ectomycorrhizal fungi has potential to benefit tree production.
Eucalyptus seedlings are produced in sterile potting media in controlled nursery environments, making natural mycorrhizal colonization unlikely. There is potential to introduce effective mycorrhizal fungi into this system, removing any possibility of delay in colonization by indigenous fungi at outplanting, when the requirement for nutrient uptake from soil is greatest (Grove and Malajczuk 1993) . The inoculant fungi must be primarily selected for their ability to promote plant growth in the field, but must also be capable of being produced in a practical inoculum form and colonize quickly under nursery conditions. Malajczuk (1987) demonstrated that the growth of Eucalyptus wandoo transplanted to the field correlated most strongly with the incidence of indigenous early-stage fungi, after failure of nursery-inoculated late-st age fungi. Subsequent research in Western Australia has focused on using adapted fungi to enhance the growth of Eucalyptus globulus and E. diversicolor grown for woodchip and pulp production (Grove et al. 1991) .
Control
Tasmanlan Western Australian isolates isolates Fig. 2 . A comparison of southern Australian isolates of ectomycorrhizal fungi for their ability to increase dry matter production of Eucalyptus globulus seedlings growing in the glasshouse. Dry matter production expressed as a percentage of uninoculated control plants (100%). Asterisk indicates significant increase (P < 0.05) (from Grove et al. 1991) .
Over 400 fungi were collected under Eucalypts in southern Australia and the effectiveness of 16 of these fungi was tested in the glasshouse and the field (Grove et al. 1991) . Approximately half of the isolates increased growth of E. globulus by 160-180% in the glasshouse in steamed yellow sand (Fig. 2) . Positive responses to inoculation in the field, of 40-80%, were recorded 1 year after transplanting, but were limited to only two or three of these fungi. There was a very poor, or sometimes negative, correlation with plant growth responses in the glasshouse (Grove et al. 1991) . Plantings of inoculated Eucalyptus spp. into pasture soils has resulted in little growth benefit, due probably to a combination of higher fertility and rapid infection by indigenous fungi (Grove and Le Tacon 1993) .
Simultaneous research was conducted into developing a technique to reliably introduce vegetative mycelia of selected fungi into nursery potting media at a reasonable cost (Kuek et al. 1992) . Fungi produced in encapsulated beads have been successfully introduced into potting media at sowing in a production nursery, using a commercial fluid drill (Hardy et al. 1992) . Over 100 000 seedlings, consisting of four Eucalyptus spp., were inoculated with Hebeloma westraliense or Laccaria laccata, and all had formed ectomycorrhizas after three months.
This research has demonstrated the potential to incorporate an inoculation step in Eucalyptus production, at reasonable cost. The key is infective inoculum which is easily handled and which can be introduced in a nursery environment. However, to date, little vegetative inoculum is used in Western Australia because most plantations of Eucalyptus g l o b u l~~ are currently on farmland where little response to inoculation has been demonstrated (T. Grove, pers. comm.) . Substantial plantings on cleared forest sites, for example in the Tasmanian forest industry, represent a potential use of this technology. Further potential also exists to select effective fungi from the indigenous populations in pasture soils.
The Management of VA Mycorrhizal Fungi in Soils to be Revegetated
The role of VA mycorrhizal fungi in revegetation after mining has been studied in an industry-funded research project at The University of Western Australia since 1985. Sites ranging from far-north Queensland to the south-west of Western Australia are included in the project. At most of the sites, the re-establishment of native ecosystems similar to those existing before mining is the main aim. At all sites, we have established that phosphorus is a major limitation to plant growth in the soils t o be revegetated (Jasper et al. 1988 (Jasper et al. . 1989a (Jasper et al. , 1989b Davy 1993: Clarke et al. 1993) . Further, we have established that the infectivity of indigenous VA mycorrhizal fungi is reduced by disturbance and storage of topsoil during mining (Jasper et al. 1987 (Jasper et al. , 1989b . The severity of the reduction in infectivity appears to be greatest when the number of robust propagules (spores, root fragments) is low (Jasper et al. 1991) . such as in heathland at Eneabba, on the northern coastal plain in the south-west of Western Australia, where there is a perennial ecosystem with low productivity and a relatively low proportion of VA mycorrhizal plants. Finally, we have demonstrated that effective VA mycorrhizal fungi can alleviate the limitation of phosphorus deficiency on growth of several species including Acacia spp. and Eucalyptus spp. Typically, in disturbed soils or mine overburdens, effective VA mycorrhizal fungi can increase dry matter production of such native species by at least 2-t o 3-fold under glasshouse conditions (Fig. 3) . The main objective of the current research is to enhance the establishment and diversity of revegetation by maximizing the population of effective mycorrhizal fungi. Maximization of infectivity can be achieved either by optimum treatment of topsoils to ensure the survival of indigenous fungi, or by introducing selected fungi into the soils.
Disturbance of topsoil is an unavoidable consequence of mining and should be timed to occur when there are most propagules, such as spores and mycorrhizal roots, in the soil. Detailed knowledge of the biology of VA mycorrhizal fungi at each site is lacking, but in general it is likely that these robust propagules will be at maximum numbers during the dry season of seasonal climates. Disturbed soils should be respread immediately or, if necessary, stored in shallow (<2 m) stockpiles with a plant cover.
Inoculation with VA mycorrhizal fungi may enhance the success of revegetation in soils in which the population of mycorrhizal fungi has been severely depleted, the indigenous fungi are not effective, or in waste materials from mining or mineral processing which have never supported plant growth. Inoculum of some fungi is available commercially in the Northern Hemisphere (Arias and Cargeed 1992) but it has been developed primarily for horticultural use and the isolates used are unlikely to be as effective or persistent in Australian soils as selected, indigenous fungi. Therefore, we are attempting to develop a practical technique for introducing local isolates of VA mycorrhizal fungi into large areas. Unlike more intensive plant industries, very few plants are transplanted into the field, therefore the inoculum must be able to be distributed directly into the soil. Sites to be revegetated are often in areas of harsh climate or uncertain rainfall, therefore the inoculum must be in a dry form which can survive for relatively long periods. We are attempting to develop a dry inoculum which would be coated on seed and drilled directly into the soil.
Inoculation with VA mycorrhizal fungi in revegetation contrasts strongly with other inoculation scenarios because the fungi are more difficult to manipulate and the plant environment is not closely controlled. The key will be robust inoculum combined with changes in current practices to allow seed and inoculum to be introduced in close proximity. However, the benefits of these changes to revegetation must first be quantified.
Conclusions
There is great potential for use of selected symbiotic micro-organisms to enhance plant production, particularly in chemically hostile soil materials and depleted topsoils. Inoculation with rhizobia remains the most widely used strategy for bioremediation of soil with symbiotic micro-organisms. A feature of the technology is that production and application of the organisms is relatively simple and cheap, allowing inoculation to be carried out routinely. This contrasts with the situation for mycorrhizal fungi, where inoculum production is more difficult or costly, but it now appears technically possible for Frankia to be used in a similar approach to that of rhizobia. Batch culture of Frankia and formulation in materials such as alginate, which can be dried and stored, creates potential for the product to be easily used at a reasonable cost.
For both Frankia and rhizobia, thcre is increasing potential for use in forestry and revegetation, especially on mine wastes. For both organisms, this will require appropriate isolates for the hosts that are to be grown, and for each soil and environment. Greater understanding of the basis for infectivity and effectiveness of these organisms in field soils, including their ability to survive outside the symbiosis in seasonal environments, will assist in identifying appropriate organisms.
Some ectomycorrhizal fungi can be produced and formulated as bulk inoculum of vegetative mycelium, and the inoculation process fits well with routine nursery operations. The need for inoculation depends on the inoculum potential of indigenous fungi in field soil and the effectiveness of those fungi in alleviating nutrient limitations, and on the soil fertility. Routine inoculation is justified in pine nurseries, however, for plantation eucalypts, the combination of indigenous fungi and fertile soils reduces any additional benefits from inoculation. Further research is required to compare the contribution of indigenous fungi with that of potential inoculants, over the complete life of timber plantations. Inoculation with fungi confirmed to be effective under these conditions may ensure optimum mycorrhiza formation, and thus enhanced nutrient uptake, throughout the life of the plantation and also compensate for patchiness in distribution of the indigenous fungi.
Inoculation with VA mycorrhizal fungi represents the most challenging scenario. The technology for producing and distributing inoculum in large quantities is currently poorly developed, consequently the need for inoculation has been difficult to investigate in the field. Given the constraints to inoculation, greater attention must be paid t o managing the indigenous organisms, which represent a mix of climatically adapted fungi, evolved in association with the host plants to be grown. Effective management requires greater understanding of their ecology and biology, which in turn may allow general predictions of the survival of the fungi after soil disturbance and of the capacity to benefit plant growth.
The challenge of re-establishing a diverse perennial native ecosystem after mining represents a situation where inoculation with VA mycorrhizal fungi is most likely. The association of VA mycorrhizal fungi with plants in undisturbed ecosystems and their acknowledged capacity to enhance nutrient uptake create a strong case for routine introduction of selected fungi in mine wastes and depleted topsoils. Further research is required to develop a practical technique for large-scale inoculation with these fungi. An adequate population of VA mycorrhizal fungi, and the other symbiotic micro-organisms discussed in this review, will enhance the long-term sustainability of revegetated ecosystems.
